Introduction
Snow cover is an important part of land cover and one of the most active natural elements on the Earth surface. The dynamic change of snow cover area (SCA) has great influence on the surface albedo, climate change, hydrological circulation and energy balance, as well as social economy and ecological environment (Robock et al., 1980; Blöschl et al., 1991; Pulliainen et al., 2006; Lemke et al., 2007; Martelloni et al., 2013) . In pastoral areas, a great deal of snowfall often leads to grassland being buried and transportation disruption, resulting in a large number of deaths of livestock due to lower temperature and lack of forage stock. This has a severe influence on the sustainable development of grassland animal husbandry. In China, the natural disaster resulting in a large amount of livestock deaths by continuous snowfall in winter and spring is called snow-caused livestock disaster (Liang et al., 2007) or snow disaster in this paper. For example, in the spring of 2008 a heavy snowfall led to a snow disaster in 37 counties/cities on the Tibetan Plateau (TP), with 3.54×10 5 livestock deaths and 1910 million RMB losses.
Early warning and risk assessment are the two upmost important yet difficult issues in the study of snow-caused livestock disasters in pastoral areas. Early warning of snow disasters involves many factors such as grassland, snow, weather, livestock, society and economy, of which many have strong temporal and spatial heterogeneity. The accuracy of warning results is not only closely related to weather forecasting information, but also connected with regional environment conditions and capability of disaster prevention. Therefore, the premise for an operational snow disaster warning system is to (1) establish a long-term series of regional snow disaster monitoring databases and management information system using remote sensing, ground-based observation data and weather prediction data; (2) dynamically monitor the hazard-affected objects and natural environment in pastoral areas; and (3) establish snow disaster warning and risk assessment models. Furthermore, studying early warning mechanisms of snow disasters is extremely important in both theory and operational practice for improving the ability to prevent disaster and minimize losses in pastoral areas.
Snow disaster warning and risk assessment have been studied for a long time. Many studies have been conducted on snow cover area monitoring (Gutzler and Rosen, 1992; Hall et al., 2001; Liang et al., 2008b; Wang and Xie, 2009; Gao et al., 2010; Paudel et al., 2011) , snow depth (SD) simulation (Stowe et al., 1991; Chang et al., 1996; Frei et al., 2012; Yu et al., 2012) , snow disaster risk assessment (Romanov et al., 2002) , loss evaluation post-disaster (i.e., the research for the pastoral areas after snow disasters have occurred and have resulted in losses of livestock) (Nakamura and Shindo, 2001) , snow disaster and avalanche mapping, as well as their relations to climate change (Jones and Jamieson, 2001; Hendrikx et al., 2005; Bocchiola et al., 2008; Delparte et al., 2008; Hirashima et al., 2008; Lato et al., 2012) . In 2006, the Chinese government issued a national standard for grading snow disasters in pastoral area (GB/T 20482-2006 ) (General Administration of Quality Supervision of China, 2006) . According to the standard, Zhou et al. (2006) analyzed the potential conditions of snow disasters based on evaluating vulnerability of hazardaffected bodies and dynamic change of precipitation in the natural environment. Liu et al. (2008) did a preliminary study on an indicating system for early warning and hazard assessment models of snow disasters in pastoral areas of northern Xinjiang, utilizing livestock mortality rate as a factor of disaster assessment. Zhang et al. (2008) proposed some indicators and methods for quantification of those indicators for early warning of snow disaster in the pastoral areas of northern Qinghai Province. Tachiiri et al. (2008) evaluated the economic loss of snow disasters in arid inland pastoral areas of Mongolia using a tree-based regression model with parameters including livestock mortality rate of current year, grassland NDVI (normalized difference vegetation index), SWE (snow water equivalent), and livestock numbers and mortality rates of previous years. In addition, Tominaga et al. (2011) predicted snow cover area and potential extent of snow disasters in built-up environments by combining a meteorological model and a computational fluid dynamics model. Nakai et al. (2012) established a snow disaster early warning system using meteorological factors (i.e., precipitation, wind speed, temperature), which would predict avalanche potential, visibility in blowing snow, and snow conditions on roads.
Snow has less impact on animal husbandry in developed countries due to better infrastructure in grassland and livestock industry, in which the studying emphasis has been particularly focused on risk assessment and early warning of traffic, landslides and avalanches related to heavy snowfall events (Jones and Jamieson, 2001; Williamson et al., 2002; Martelloni et al., 2013; Mercogliano et al., 2013; Rossi et al., 2013) . As for snow disasters in pastoral areas in China, the emphasis has been placed on monitoring the change of snow distribution and livestock loss evaluation post-disasters. There has been much difficulty in snow disaster warning and risk assessments, due to lacking operational models and information system for real-time warning of snow disasters (Liang et al., 2007) .
Considering the above factors and characteristics of grassland and livestock production on the TP, the purposes of this study are (1) to establish an indicator system for early warning of snow-caused livestock disasters and risk assessment based on collections of snow disasters in the past 10 yr (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) on the TP; and (2) to establish a model for early warning and qualitative risk assessment of snow disasters and to validate the model. This study would provide a scientific basis for early warning, risk assessment, and decisionmaking of disaster prevention and relief management for the research community and local governments.
Study area and data

Study area
The TP (26 • 00 12 N -39 • 46 50 N and 73 • 18 52 E -104 • 46 59 E) is located in southwestern China. Its major part is in Qinghai and Tibet provinces, with mean elevation above 4000 m, containing the highest pastoral areas in the world. The TP is not only the water source region of many Asian rivers such as the Yellow, Yangtze and Lantsang rivers, but also one of the three major snowfall regions in China. It consists of 201 counties that belong to Qinghai, Xinjiang, Tibet, Gansu, Sichuan and Yunnan provinces, with a total area of 2.57 × 10 6 km 2 , corresponding to 26.8 % of the total areal extension of China ( Fig. 1) (Zhang et al., 2002) . The TP has the unique alpine meadow in the world because of its special geography, climate and natural conditions. It is an important habitat for yak, Tibetan sheep and many rare wild animals. However, because of the undeveloped agriculture infrastructure in the region, heavy snow in winter or spring often causes death of a large number of livestock due to cold weather and forage shortage. This has a great negative influence on the sustainable development of grassland animal husbandry. According to the records (Liu, 2008a; Liu, 2008b; Shi, 2008; Wang, 2008; Wen, 2008; Zhan, 2008) 
Data and sources
Statistical data
According to the Statistical Yearbooks of China, statistic data of population, livestock (e.g., livestock number, actual livestock stocking rate), and social economy (e.g., gross 
Meteorological observation data
The daily maximum, minimum, and average temperature, precipitation, snow depth and wind speed data were collected from 106 meteorological stations of the Chinese Meteorological Data Sharing Service System (CMDS) (http: //cdc.cma.gov.cn/), for snow seasons from October to March during 2000-2010.
Snow disaster probability and case data
Based on the yearbooks of meteorological disasters from the 6 provinces on the TP (Liu, 2008a; Liu, 2008b; Shi, 2008; Wang, 2008; Wen, 2008; Zhan, 2008) , we collected snow disaster data in the recent 50 yr from 1951 to 2000. Using county as a basic unit, we calculated the snow disaster probabilities in four time steps: monthly, winter (i.e., from September to February of the next year), spring (i.e., from March to May), and mean annual. In particular, 45 typical snow disaster cases (33 in Qinghai and 12 in Tibet) from 2001 to 2010 (Table 1) , which were representatives in spatial distribution, occurrence time, and harmful level of snow disasters on the TP, were selected for detailed analysis and model building. The basic requirements that a typical case of snow disaster must meet are (1) specific records of start time, end time and number of livestock loss on a county basis; (2) complete weather, grassland and livestock statistics; and (3) availability of remotely sensed snow cover area, snow depth and snow-covered days on grassland.
We also selected 411 cases, 243 cases of snow disaster and 168 cases of no snow disaster, from 2008 to 2010 for validation of the early warning model of snow disasters. These cases came from 158 counties (out of the total 201 counties) in the study area and were representative for the validation purpose. The major difference between those 45 cases for model building and 411 cases for model validation is that the later cases (1) only have records on whether there was snow disaster or no disaster and (2) have no detailed numbers of livestock death for those snow disaster cases.
DEM, grassland type and height data
The Shuttle Radar Topography Mission (SRTM) 90 m digital elevation model (DEM) data were downloaded from the CGIAR Consortium for Spatial Information (CGIAR-CSI) (http://srtm.csi.cgiar.org). Grassland type data were from China Grassland Resources (Ministry of Agriculture of the People's Republic of China, Animal Husbandry Department, 1986) and were used to build an average grass height database for different grassland types based on ground truth data of each grassland vegetation type obtained during 2005-2006 on the TP (Feng et al., 2011) . 
Snow remote sensing monitoring data
In this study, remotely sensed snow cover and snow depth data are used. The Advanced Microwave Scanning Radiometer-Earth Observing System (AMSR-E) supplied SWE and brightness temperature (BT) products Frei et al., 2012) . Previous research has shown that AMSR-E BT data can simulate snow depth of the Heihe River watershed and Xinjiang region in China with accuracy above 78 % (Che et al., 2004 Dai et al., 2012) . Using AMSR-E BT data and state-of-the-art simulation methods (Foster et al., 1997; Yu et al., 2012) , we have built a snow depth model on the TP, and have produced SD images daily, every 5 days and every 10 days from 2001 to 2010. Moderate-Resolution Imaging Spectroradiometer (MODIS) snow cover products have been used in snow monitoring, snowmelt runoff modeling and data assimilation (Hall et al., 2002; Rodell and Houser, 2004; Gao et al., 2010) . Based on daily MODIS and AMSR-E SWE data in snow seasons (October-March) from 2001 to 2010, daily, 5-day, and 10-day combinations of MODIS and AMSR-E snow cover area databases have been established for the TP (Liang et al., 2008a; Wang and Xie, 2009; Yu et al., 2012) and are used in this study.
Factors of snow disaster early warning and risk assessment
Snow disaster warning and risk assessment mainly involve factors such as terrain, grassland, snow, weather, livestock, and social economy and are detailed below.
1. Terrain and grassland factors. These factors mainly include (1) the topography conditions (e.g., slope, aspect) and grassland distribution; and (2) herbage growing status (e.g., herbage yield, cover and height of different grassland types).
2. Snow and weather factors. They mainly include (1) snow disaster probability based on data of 50 yr on a county basis; (2) grassland snow depth and number of snow-covered days, the rate of snow-covered county area, the rate of snowcovered grassland area, grassland burial index (i.e., the ratio of snow depth to grass height) in the county; and (3) meteorological conditions during a snow-covered period (e.g., daily minimum, maximum, and average temperatures, precipitation, and snow depth observed at the 106 climatic stations) and continuous days of low 4. Social economy factors. These factors mainly include (1) social and economic factors consisting of population, per capita gross domestic product (GDP), per capita farming income, density of road network, and spatial distribution of residential areas; (2) forage stock and shed rate of livestock; and (3) per livestock GDP (i.e., the ratio of regional GDP to the number of livestock by the end of a year).
Model development for early warning and qualitative risk assessment of snow disasters
Early warning of snow disaster requires developing a model that can be used to quantify the potential damages caused by heavy snowfall events in a particular period and area. In this study, we use the chosen 45 typical cases of snow disasters in recent 10 yr to build a database of 20 indicators (see Tables 1 and 2) , which relate to terrain and grassland, snow and weather, livestock, and social economy. From the known 20 indicators, we first select those indicators that show good correlation with the livestock death (Nagelkerke, 1991; Freedman et al., 1998) . Second, using the principal component analysis (PCA) method (Lu et al., 1997) , a few key factors used for early warning of snow disasters are then determined. Third, based on the relation between the determined key factors and the death numbers of livestock of the 45 cases, an early warning model on a county basis is then established using a multivariate nonlinear regression method. Finally, we establish a lookup table for qualitative risk assessment of snow disasters with a grid cell size of 500 m × 500 m.
The statistic analysis of crucial factors
As shown in Table 2 , of the 20 indicators, 11 indicators show significant correlations with livestock death (-R-≥0.60), 2 negative and 9 positive correlations. The 2 negative indicators are per capita GDP (a3) and per livestock GDP (a20). The 9 positive indicators are herbage yield (a4), probability of spring snow disaster (a5), mean annual probability of snow disaster (a6), rate of snow-covered grassland (a8), number of snow-covered days (a10), mean daily temperature below 0 • C (a12), continual days of mean daily temperature below −10 • C (a14), grassland burial index (a18), and livestock stocking rate (a19). Therefore, we used these 11 indicators to analyze key factors for early warning of snow disasters on the TP. To remove potential redundant information from the 11 indicators, we use the PCA method to further examine them. The PCA result (Table 3) shows that there are high positive correlations between probability of spring snow disaster (X3) and mean annual probability of snow disaster (X4), between days of mean daily temperature below 0 • C (X7) and number of snow-covered days (X6), and between days of mean daily temperature below 0 • C (X7) and continuous days of mean daily temperature below −10 • C (X8). The correlation coefficients are 0.813, 0.731 and 0.635, respectively. This suggests that those variables are closely related and have redundant information to some extent. However, the coefficient between mean annual probability of snow disaster (X4) and per livestock GDP (X11) is negative (−0.355), which means per livestock GDP represents the comprehensive capability of disaster resistance. Table 4 shows that the first 7 PC components have reached 85 % of cumulative contribution from 11 variables. The contributions from each of the 11 variables to the 7 PC components are shown in Table 5 . In general the variable with the highest loadings can be treated as the representative of the PC component (Lu et al., 1997) . Therefore, we choose X4, X6, X10, X8, X9, X5, and X11, respectively, as the PC components 1, 2, 3, 4, 5, 6, and 7. 
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Construction of the early warning model of snow disaster grades
Using the seven key factors as independent variables and the number of livestock death from snow disasters as the dependent variable, multivariate nonlinear regression simulation is performed based on the 45 cases of snow disaster data, and the final regression Eq. (1) is then achieved:
where Z ij is number of livestock deaths on a county basis for a warning period; i is the number of counties (i =1, 2, 3, . . . , n, and n =201); j is the number of warning periods (j =1, 2, 3, . . . , m, and m =18, total warning periods in each snow season from 1 October to 31 March (10 days per warning period); for example, warning period 1 or 2 (i.e., j =1 or 2) is from 1 October to 10 October or from 11 October to 20 October); a is mean annual probability of snow disaster (X4); b is continuous days of mean daily temperature below −10 • C (X8); c k (where k = 1 to 4) are respectively the rate of snow-covered grassland (X5), number of snowcovered days (X6), grassland burial index (X9), and livestock stocking rate (X10); and d is per livestock GDP (X11). Referring to the national standard "grades of snow disaster in pastoral area" (General Administration of Quality Supervision of China, 2006) , in this study we classify the snow disaster (here referring to Z ij ) into five grades: no disaster, light disaster, moderate disaster, severe disaster and extremely severe disaster (Table 6 ).
Using the above-derived model and grade standard, we conduct simulations of snow disasters in recent 3 yr (2008) (2009) (2010) and perform detailed analysis. Figures 2 and 3 are two examples showing the early warning results with 5 grades of snow disasters for the periods (J=12, 13) in the 2008 snow season. Fig. 2 shows that extremely severe disaster events could have occurred in both Bangoin and Amdo counties in the central TP, severe disaster events in 11 counties mainly in the northeastern TP, moderate disaster events in 15 counties comprising a northeast to southwest strip, and light disaster and no disaster events mainly outside of the strip. Figure 3 shows that only Amdo County could have remained the same grade of extremely severe disaster, Xainza County remained the same grade of severe disaster, while Bangoin County downgraded from extremely severe disaster to severe disaster, and Nyima County upgraded from moderate disaster to severe disaster; moderate and light disaster events reduced a lot; many more counties changed to no disaster and were mainly in the eastern and central-northern TP. The above early warning results are found in good agreement with real situations recorded or reported in that time period (China Meteorological Administration, 2011) .
Based on the simulation results of the 3 yr, we obtain the following experiences and suggestions for future applications using the snow warning model.
The exact time periods for each variable are defined as
follows: a (the mean annual probability of snow disaster) is for the previous 50 yr and is a constant now in Eq. (1) 2. Rate of snow-covered grassland (c 1 ) and number of snow-covered days (c 2 ) are statistical data on a county basis based on remote sensing data (e.g., 10-day composites of MODIS and AMSR-E products) or observed data from climate stations.
3. Snow depth used for deriving grassland burial index (c 3 ) can be calculated from remote sensing data (e.g., daily MODIS and AMSR-E composite data for this study); and it is the maximum snow depth from 20 days before the start date of a warning period to the end date of the same warning period in one snow season.
4. The county is marked as "no disaster" when both the rate of snow-covered grassland (c 1 ) satisfies 0< c1< 30 % and grassland burial index (c 3 ) satisfies 0< c3< 35 %.
Qualitative risk assessment of snow disasters
The above-derived maps of snow disaster grades (such as Figs. 2 and 3 ) are on a county basis and cannot tell the detailed risk distribution and variability within a county. We thus propose a method to produce potential risk intensity Nat. Hazards Earth Syst. Sci., 13, 1411-1425, 2013 www.nat-hazards-earth-syst-sci.net/13/1411/2013/ Note: X1, X2 ,X3, X4, X5, X6, X7, X8, X9, X10, and X11 are used in the PC components; a, b, c 1 , c 2 , c 3 and d are used in Eq. 1. Table 6 . Warning standard of snow disaster grades.
Snow disaster grade Death amount of livestock (×1000)
Influence of snow on animal husbandry
No disaster 0 There is snow in the pastoral area, but the grassland burial index is less than 35 % or the rate of snow-covered grassland is less than 30 %. It has no obvious effect on the grazing.
Light disaster 50
It has an effect on yak grazing, less on sheep, and none on horse.
Moderate disaster 50-100 It has an effect on yak and sheep grazing, and no effect on horse.
Severe disaster 100-200 It has an effect on animal husbandry, and has greater losses for yak and sheep.
Extremely severe disaster > 200 It has an effect on all animal husbandry, and has the death of livestock on a massive scale. maps at 500 m spatial resolution. Figure 4 shows the workflow of the method using the grassland types, DEM, snow cover and depth datasets to calculate two parameters, grassland burial index (K) and number of snow-covered days (D), and then to determine the risk intensity at pixel scale. The potential risk intensities of snow disasters are divided into four levels: high risk, moderate risk, low risk and risk free (Table 7). Figure 5 shows the potential grazing areas (and risk areas) derived solely based on grassland types and topographic slope (≤50 • ) (Wang and Cheng, 2002 ) criteria at 500 m grid cell. The map (Fig. 5) shows that the natural areas suitable for grazing under no snow conditions are mainly distributed in the southeastern area, with other smaller areas in the west, central, and northeast areas. Most areas in the northwest and north are potentially risk areas. Figures 6 and 7 are the two examples showing the simulated risk intensities with 4 levels of snow disasters for the periods (J=12, 13) using real snow cover data for the periods of study.
Compared Fig. 6 with Fig. 2 and Fig. 7 with Fig. 3 , it is clear that Figs. 6 and 7 show great detail of risk intensity distribution based on real snow condition for the period. Taking Bangoin County as an example, the risk warning result (Fig. 2) shows that the entire county could have incurred extremely severe snow disaster, while the simulated risk assessment map (Fig. 6) shows that the high or moderate risk areas could mostly occur in the central part and far-north part of the county, while the majority of the county was at low risk. Figure 7 shows that low-risk areas could remain in most of the TP. At the same time, the areas of high risk and moderate risk reduced, while the risk-free areas increased. This is also consistent with the risk warning map (Fig. 3 ) that shows Bangoin County downgraded from extremely severe disaster to severe disaster, while high-risk and moderate-risk areas in Amdo County remained the grade of extremely severe disaster, although it could have only occurred in the central part of the county (Figs. 7 and 6 ). It is interesting to see that Cona County in the very south of the TP was shown to have severe or moderate disasters in the simulation maps (Figs. 2 and 3), while it is in the risk-free area of potential risk intensity maps (Figs. 5, 6, 7) . This means that some parameters other than the topography, grassland type, and snow cover situations used in the risk assessment could cause snow disasters. Those parameters are integrated in the snow disasters model but not in the risk assessment approach (Fig. 4) .
Accuracy assessment of snow disaster warning model
In order to avoid different measurement units of different indicators (e.g., per livestock GDP, livestock number, and snow disaster probability), we first conduct a normalization process, i.e., all independent variable values are divided by their corresponding maximum values. The independent variable values are then all within the range of 0-1. Using the above-normalized variables, the 411 chosen cases in the recent 3 yr (2008) (2009) (2010) are applied to validate the early warning model of snow disasters, using the following four parameters: the overall accuracy (O a ), snow disaster accuracy (S a ), false negative accuracy (N a ) and false positive accuracy (P a ), as defined below. 
where S b is the sampling number of snow disaster cases found by both statistical data and modeling results; S s is the number of snow disaster cases found only by statistical data but misclassified into the grade no disaster by the model; L b is the no-disaster number found by both statistical data and modeling results; and L s is the no-disaster number found only by statistical data but misclassified as snow disaster by the model. Since the validation cases do not have detailed numbers of livestock death, our validation can only show snow disaster or no disaster as indicated in Table 8 . The accuracies of overall, snow disasters, false negatives, and false positive are 82-97 %, 89-100 %, 0-10 % and 0-25 % for the examined 3 yr, respectively. The overall mean accuracy of the 3 yr is 85.64 %.
Discussion
In this study, 201 counties on the TP are taken as a study area. MODIS and AMSR-E data, databases of grassland, snow cover, weather, livestock, society and economy, and typical snow disaster cases of recent 10 yr (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) are used to develop methods of early warning of snow disasters. Results of the snow disaster cases show that occurrence of snow disasters was often not just the result of one heavy snowfall or temperature drop, but also affected by continuous snowfall and other factors, climatic indicators and snow cover condition being the main factors.
The TP is a very wide region. From Fig. 1 we can see that most of the ground meteorological stations used in the study are located in relatively populated and low-altitude areas (e.g., the northeastern part of the TP), while fewer stations are located in the central region where snow-caused disaster occurs frequently. This causes poor representation of continuous days of low temperature (i.e., below −10 • C) in the snow disaster warning model. Meanwhile, all validation data came from meteorological data and report materials via Internet or journals. This clearly contributes to the modeling errors, due to the sparse distribution and poor representation of the meteorological stations, as well as the lacking of integrality from the report materials (i.e., no livestock loss data). Thus, it is hard to validate the disaster grades due to the limited cases with full and complete records. Although the combined MODIS and AMSR-E snow cover product is the best available, error caused by the coarse resolution of AMSR-E replacing the cloud-contaminated MODIS pixels could transfer to the snow disaster model.
In the future, we need to strengthen the data collection methods and obtain more cases with accurate information about livestock losses and other related information, which can be used to validate the disaster grades predicted by our early warning model. The developed models for early warning of snow disasters and risk assessment are completely based on existing and available datasets, without considering any interference or assistance of human beings such as disaster relief by supplying a great amount of forage from other regions. However, it is well known that the degree and extent of snow disasters are not only related to the infrastructure (e.g., roads, communications and sheds for livestock) of disaster resistance and forage stock in a pastoral area, but also closely related to disaster rescue efforts.
Since the year 2000, the Chinese government has carried out the "Great Western Development" strategy in western China, which has greatly improved the existing grassland and animal husbandry production and management model. However, the traditional production and lifestyle formed over thousands of years for the local nomadic people in the region is hard to radically change in a short time. In the foreseeable future, the traditionally free-grazing style will certainly remain the major model of animal husbandry production on the TP. Therefore, the study carried out and the developed models of early warning and risk assessment will still play a significant role in snow disaster warning, relief, and prevention. To the best of our knowledge, it is the first time in the world such early warning and risk assessment models of snow disasters have been developed. Further efforts, however, particularly complete records of more cases of snow disasters, are needed to validate the prediction of disaster grades and to improve the models.
Conclusions
Early warning and risk assessment of snow disasters in pastoral areas play an important role in loss relief and sustainable development of regional grassland husbandry. This study develops a model for early warning of snow-caused livestock disasters on a county basis and proposes a method of qualitative risk assessment of snow disasters for pastoral areas on the TP. The results show that (1) there are 7 crucial factors that contribute to over 85 % of information for early warning snow disasters on the TP. They are mean annual probability of snow disaster, snow-covered days, livestock stocking rate, continual days of mean daily temperature below −10 • C, grassland burial index, rate of snow-covered grassland and per livestock GDP, of which per livestock GDP is a resistance disaster factor and others are disaster-causing factors. (2) Based on snow-caused disaster magnitude and snow influence on grazing of livestock, this study develops a model for early warning of snow disasters on a county basis and proposes a method of qualitative risk assessment of snow disasters at 500 m resolution for pastoral areas of the TP. The grades of snow disasters on a county basis are divided into no disaster, light disaster, moderate disaster, severe disaster, and extremely severe disaster. The risk intensities at 500 m scale are divided into four levels: no risk, low risk, moderate risk and high risk. And (3) we choose 411 cases from 2008 to 2010 to validate the prediction results from the developed early warning model. An overall mean accuracy of 85.64 % is reached in classifying snow disaster and no disaster. This suggests that the early warning model generally can be used to predict snow disaster or no disaster, although we cannot validate the disaster grades due to limited information from the used 411 cases. However, accurately predicting snow disaster is already a great success for pastoral areas on the TP with harsh weather and high altitude that are difficult to reach for rescue and communication under heavy-snow conditions. Therefore, our early warning model of snow disasters has a potential for operational use.
